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Understanding innate immunity is key to improving the safety of adenovirus (Ad) vectors for systemic
gene therapy. Ad has been shown to activate complement in vitro, but activation of complement after Ad
injection in vivo has not been directly measured. Using complement protein C3a as a marker of comple-
ment activation, we show that types 2 and 5 human Ads cause rapid complement activation after
intravenous injection in mice. Unexpectedly, the mechanisms in vivo were different than those in vitro.
Antibodies were critical for the activation of complement by Ad in vitro, but antibodies were not required
in vivo. The classical pathway was required in vitro, whereas complement activation in vivo involved both
classical and nonclassical pathways as well as the reticuloendothelial system. Remarkably, the entry-
deficient Ad mutant £s1 was completely unable to activate complement in vivo even though it was fully able
to activate complement in vitro. This result demonstrates that the complement system senses intrave-
nously injected Ad primarily by detecting the effects of Ad on cells rather than through direct interaction
of complement with virions. Encouragingly, shielding Ad with polyethylene glycol was effective at reducing
complement activation both in vitro and in vivo. In summary, intravenously injected Ad rapidly activates
complement through multiple pathways, but these pathways are different than those identified by in vitro
studies. In vitro studies are poorly predictive of in vivo mechanisms because Ad virions activate comple-

ment through indirect mechanisms in vivo.

Innate immune responses have proven to be one of the most
significant and difficult barriers to safe systemic gene therapy
with adenovirus (Ad) vectors (20). Systemic intravascular (i.v.)
delivery of nonreplicating Ad vectors induces a number of
potentially dangerous responses within minutes to hours, in-
cluding the production of cytokines and chemokines, coagu-
lopathy, hemodynamic changes, liver damage, and thrombocy-
topenia (39, 54, 55, 68). These responses are triggered by
multiple innate mechanisms that respond to various features of
Ad vectors. Much of the cytokine response is initiated by in-
nate pattern recognition proteins, such as TLR9, which can
recognize Ad genomic DNA (4, 8, 42, 45, 69). Phagocytic cells
in the liver and spleen also play an important role in the innate
response to systemically delivered Ad vectors (4, 37, 38, 54, 56,
68). Likewise, complement is an ancient innate defense system
that detects and responds to pathogens, including viruses (52).
It is well established that complement plays a major role in the
innate response against Ad (30), but the mechanisms through
which Ad interacts with complement in vivo are currently un-
known.

A number of previous reports have demonstrated that
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complement is activated when Ad is mixed with human
plasma in vitro (2, 9, 29, 49, 67). Most humans have been
infected with multiple Ad serotypes; therefore, human
plasma typically contains antibodies that recognize Ad. Be-
cause of this, antibody-mediated initiation of the classical
pathway plays a major role in complement activation by Ad
in vitro (9, 49, 67). During the process of complement acti-
vation in vitro, Ad becomes opsonized by complement pro-
teins, such as C3 and C4 (7, 66), and complement-opsonized
Ad can be recognized by complement receptors on cells,
leading to cellular uptake (7, 10, 62). Because of the impor-
tance of complement in innate immunity, pathogens fre-
quently use strategies to interfere with or evade complement
(36). In this regard, it is interesting that although human
AdS5 activates complement well, canine Ad type 2 possesses
complement-inhibitory properties (49).

The in vitro studies described above were performed with
the expectation that they would provide insights into how Ad
interacts with complement in vivo. However, to the best of our
knowledge, the extent to which Ad activates complement in
vivo has not previously been measured in clinical studies or in
animal studies. Nevertheless, one can infer that complement
must be activated after injection of Ad, because complement-
deficient C3 knockout (KO) mice show greatly attenuated in-
nate responses after the systemic delivery of Ad vectors, in-
cluding reduced cytokine levels and less thrombocytopenia (2,
3, 21, 30). In addition, complement helps to shape the adaptive
immune response and influences the isotype distribution of
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antibody responses to Ad vectors (3). Complement can also
affect liver transduction by Ad vectors and uptake of Ad by
Kupffer cells (KCs) in the liver, although only to a modest
degree (66, 70).

In order to learn more about how Ad activates complement
in vivo, we investigated the kinetics, dose response, and mech-
anisms of complement activation after i.v. injection of Ad in
mice. We found that complement is rapidly activated after Ad
injection, even at doses of Ad that are too low to cause sub-
stantial activation of other innate responses. Unexpectedly, we
discovered that the mechanisms for complement activation are
completely different in vitro and in vivo, demonstrating the
limitations of in vitro experiments as models for complex in
vivo phenomena. We found that Ad-induced cell damage was
the most important stimulus for complement activation in vivo,
rather than direct recognition of virions by the complement
system.

MATERIALS AND METHODS

Ad viruses and vectors. Replication-defective human AdS vectors with E1 and
E3 deleted, expressing nuclear-localized p-galactosidase (AvinBg, S*, 35S5H),
cytoplasmic B-galactosidase (AdCB2), firefly luciferase (AdLuc), or green fluo-
rescent protein (AdGFP) were grown and purified by CsCl density gradient
ultracentrifugation as described previously (58, 59). Ad vector particle (vp)
concentrations were measured spectrophotometrically, with no detectable aggre-
gation, as described previously (58). Infectivity was measured as PFU on 293
cells. The Ad mutant ts1 was grown at 39°C as previously described (59), and
wild-type human Ad2 was used as a control. The particle-to-PFU ratio of the ts1
mutant (measured at 33°C) was more than 200-fold higher than that of Ad2,
indicating that the vast majority of virions in the 39°C #s1 mutant preparation
were noninfectious, as expected. Vectors and viruses were prepared in a buffer of
2.5% glycerol, 25 mM NaCl, and 20 mM Tris (pH 8.0), and this buffer was also
used for control injections in mice.

PEGylated AdGFP-AdLuc was prepared as previously described (23, 40) by
covalent conjugation with succinimide-activated 5-kDa polyethylene glycol
(PEG) (Sunbright ME-050-HS; NOF, Tokyo, Japan). Control unPEGylated
AdGFP-AdLuc was prepared by following exactly the same procedures except
that PEG was omitted. For experiments with PEGylated Ad, the buffer was
KPBS (150 mM NaCl, 1 mM MgCl,, 5% [wt/vol] sucrose, 10 mM K,HPO, [pH
7.8]). The vp/milliliter concentrations were determined by quantitative PCR.
PEGylation resulted in an increase in the diameter of Ad particles as measured
by dynamic light scattering (from 97.2 nm before PEGylation to 126.5 nm after
PEGylation). PEGylation caused a 3,000-fold increase in the particle-to-PFU
ratio on 293 cells, but there was no significant decrease in the ability to transduce
the liver in vivo, in agreement with previous results (23, 40). Liver luciferase
activity was measured as previously described (57).

All vectors, viruses, and solutions were verified to contain <0.3 endotoxin
units/ml of endotoxin by the Limulus amoebocyte lysate method (Charles River
Endosafe, Charleston, SC).

Animals. Animal experiments were approved by the FDA CBER Animal Care
and Use Committee. All mice were specific-pathogen-free males on the C57BL/6
background, aged 7 to 11 weeks old. C57BL/6NCr mice from the National
Cancer Institute (Frederick, MD) were used for most experiments, and
C57BL/6J mice from the Jackson Laboratory (Bar Harbor, ME) were used as
controls for KO mice. No differences were found between results for the two
C57BL/6 substrains. Rag-1 KO mice (41) were obtained from the Jackson Lab-
oratory and bred in our facility. C1q KO mice, originally produced by Marina
Botto (5), were kindly provided on a C57BL/6 background by Michael Diamond
(Washington University, St. Louis, MO) and bred in our facility.

All experiments were performed with Ad-naive mice except where indicated.
For immunization, mice were injected intramuscularly with 1.0 X 10'* vp of
AdCB2. Two weeks after immunization, mice were either bled for in vitro
experiments or challenged i.v. with of AdLuc at 1.0 X 10'? vp/kg of body weight.

As previously described (59), awake mice were briefly restrained in a cylindri-
cal device for tail vein injections at a volume of 8.0 ml/kg. Shortly before blood
was to be drawn, mice were anesthetized by intraperitoneal injection of ketamine
and xylazine. After the anesthesia took effect, the thorax was rapidly opened and
blood was drawn from the heart.
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For in vitro complement protein C3a generation experiments, the blood was
immediately diluted with a 1/10 volume of citrate-dextrose solution (Sigma) and
chilled on ice. The plasma was separated in a refrigerated centrifuge and briefly
stored on ice before use in experiments.

For studies of the in vivo levels of C3a, the plasma was carefully collected in
a manner that avoided undesired ex vivo complement activation. Blood was
drawn from the heart and immediately placed into EDTA tubes (BD Bio-
sciences) on ice. In addition, the protease inhibitor Futhan (BD Biosciences) was
added at 50 pg/ml to further arrest complement (50). Plasma was separated in a
refrigerated centrifuge and stored at —80°C until enzyme-linked immunosorbent
assays (ELISAs) were performed.

In vitro complement experiments. Freshly obtained citrate plasma samples
were mixed on ice with Ad at a concentration of 5.0 X 10'° vp/ml. This concen-
tration of Ad was chosen based on the work of Cichon et al. (9), who studied
complement activation by Ad in human plasma. This concentration also approx-
imates the theoretical peak Ad concentration in mice after an iv. injection of
1.0 X 10'2 vp/kg. In a 25-g mouse, the peak Ad concentration would be 2.5 X
10" vp/ml, assuming a plasma volume of 1.0 ml. In experiments to detect
dependency on calcium, we added 10 mM EGTA prior to adding Ad.

After the addition of Ad and gentle mixing on ice, plasma samples were
incubated at 37°C for 90 min. To stop further complement activation, the sam-
ples were placed on ice and 10 mM EDTA and 50 wg/ml Futhan were added.
Samples were frozen at —80°C until the ELISA was performed.

Depletion of macrophages. Dichloromethylenediphosphonic acid (clodronate)
was obtained from Sigma-Aldrich, Inc. (St. Louis, MO). Liposomes were pre-
pared and loaded with clodronate exactly as described by van Rooijen and
Sanders (63). Clodronate liposomes were resuspended in phosphate-buffered
saline (PBS), and mice were injected i.v. 1 day in advance with a dose of 10 ml/kg.
This is a relatively high dose that depletes phagocytic cells in both the liver and
spleen (63). We verified by using immunofluorescence that this treatment caused
100% depletion of F4/80 antibody-positive KCs in the liver and 50% depletion of
macrophages in the spleen. Control mice were injected i.v. with PBS 1 day in
advance.

ELISAs. Plasma levels of anti-Ad immunoglobulin M (IgM) and IgG were
evaluated by ELISA on Ad-coated plates as previously described (66). Plasma
was serially diluted, and the anti-Ad titer was defined as the highest dilution
having an optical absorbance of =0.2 at 450 nm.

To quantitate mouse C3a levels, 96-well plates were coated with 1 pg/ml of rat
anti-mouse C3a clone 187-1162 (BD Biosciences, San Jose, CA) in PBS. After
being blocked with 10% heat-inactivated fetal calf serum in PBS, the plasma
samples were added to PBS containing 10% fetal calf serum, 10 mM EDTA, and
0.05% Tween 20 (Sigma-Aldrich Inc., St. Louis, MO). A standard curve of
purified mouse C3a (BD Biosciences) was prepared with the same buffer. After
an overnight incubation at 4°C, bound C3a was detected with 0.25 pg/ml of
biotinylated rat anti-C3a clone I87-419 (BD Biosciences), followed by streptavi-
din-horseradish peroxidase (BD Biosciences) and tetramethylbenzidine.

Baseline C3a levels in our mouse plasma samples were similar to those pre-
viously reported for human samples (50), but significant activation of comple-
ment occurred during the 90-min in vitro experiments even in the absence of
virus, leading to much higher baselines. This is because the complement system
has a certain amount of activity in vitro even in the absence of exogenous stimuli.
C3a levels were found to vary among different experiments, so for each experi-
ment, animals were handled as a group and samples were analyzed together on
a single ELISA plate.

Both in vitro and in vivo, the C-terminal Arg residue of C3a is rapidly removed
by the ubiquitous enzyme serum carboxypeptidase N. This results in the forma-
tion of C3a-desArg (25). C3a and C3a-desArg are both biologically active but
stimulate different receptors and have different activities. The antibodies used in
our C3a ELISA react with both C3a and C3a-desArg and do not differentiate
between these two forms. Similarly, commercially available ELISAs for human
C3a also fail to differentiate between C3a and C3a-desArg.

Statistical analysis. In all figures, means * standard deviations are shown.
Experiments were analyzed by ¢ test or analysis of variance (ANOVA). Post hoc
ANOVA group comparisons were performed using the Holm-Sidak test (Sigma-
Plot 11.0, Systat Software, San Jose CA), with significance defined as a P value
of =0.05. When necessary, data were log transformed prior to statistical analysis
to equalize variances. In a single instance in one group of buffer-injected mice,
an outlier (P = 0.01, Grubb’s test) with nearly threefold-higher-than-normal
levels of C3a was identified and removed from analysis. The removal of this
single animal did not change the conclusions of the experiment.
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FIG. 1. Tail vein injection of Ad causes activation of complement within 10 min. (A) C57BL/6 mice were injected with Ad vector at a dose of
1.0 X 10" vp/kg, and groups of three or four mice were sacrificed at various time points. Plasma was collected and assayed for C3a levels by ELISA.
*, P value of =0.05 versus uninjected mice (Holm-Sidak post hoc). (B) Mice (three or four per group) were injected with increasing doses of the
Ad vector, and plasma was collected at 30 min for C3a determination. Significant elevation of C3a was found at doses of =1.0 X 10" vp/kg (x,
P value of =0.05 versus all control groups). Mice injected with 1.0 X 10" vp/kg of the Ad vector had higher plasma C3a levels than at any other
dose of Ad (#, P value of =0.05 versus every other group, Holm-Sidak post hoc).

RESULTS

Ad induces rapid complement activation in vivo. C3 is a
central protein in the complement activation cascade that is
activated by all three of the complement initiation pathways:
classical, alternative, and lectin (52). Therefore, the total level
of complement activity can be assessed by measuring the con-
centration of C3a, a soluble fragment that is released after C3
cleavage (25). There have been a number of studies that show
that mixing Ad with human plasma causes generation of C3a
(9, 49, 67), but we are not aware of any studies that have
measured the amount of complement activation by Ad in vivo.
We therefore measured plasma levels of C3a in mice after tail
vein injection of Ad.

Injecting Ad i.v. at a dose of 1.0 X 10'* vp/kg caused a rapid
increase in plasma C3a that was statistically significant as soon
as 10 min after injection, which was the earliest time point that
we examined (Fig. 1A). Plasma concentrations of C3a peaked
at 30 min and declined slowly thereafter. Injection of buffer or
saline did not cause any change in plasma C3a levels compared
to those in uninjected mice (Fig. 1B). We also examined the
dose responsiveness of complement activation at 30 min
postinjection. A dose of 1.0 X 10' vp/kg did not detectably
activate complement, but doses of =1.0 X 10'' vp/kg caused a
significant elevation of C3a (Fig. 1B).

Throughout this study, we used a standard Ad dose of 1.0 X
10" vp/kg (2.5 X 10'° vp for a 25-g mouse), but we also
examined the effects of higher or lower doses in selected ex-
periments. A dose of 1.0 X 10'? vp/kg is quite moderate; it is
able to transduce only a small fraction of hepatocytes and
causes relatively limited toxicity in mice and nonhuman pri-
mates (6, 46, 61, 68). This dose is also similar to the highest
dose that has been administered to a human by an i.v. route
(53). Most studies of Ad-induced innate immunity are per-
formed with considerably larger amounts of Ad, because a
dose of 1.0 X 10'* vp/kg results in only a slight induction of
cytokines, especially in mice (6, 68). In light of this, it is inter-
esting that we found that even a 10-fold-lower dose, 1.0 X 10*!
vp/kg, was still sufficient to cause significant complement acti-
vation in mice (Fig. 1B). Overall, these time course and dose
response experiments show that the plasma level of C3a is an

early and extremely sensitive indicator of the innate response
to Ad.

Different complement activation pathways in vitro and in
vivo. We have previously shown that normal mouse serum
contains natural IgM antibodies that bind to Ad and that
adding mouse serum to Ad results in opsonization of Ad by C3
and C4 in a process that is dependent on calcium and anti-
bodies (66). These results strongly suggest that Ad activates
complement via the classical pathway in vitro, wherein initial
binding of natural antibodies would be followed by calcium-
dependent binding of the Clqrs complex and subsequent for-
mation of the C4b2a convertase, which cleaves C3 (52). In the
current study, we used Clq KO mice that completely lack
the classical pathway (5) to definitively determine whether the
classical pathway is required for complement activation by Ad
both in vitro and in vivo. We also used antibody-deficient
Rag-1 KO mice (41) to determine whether natural antibodies
are important.

We found that antibodies and the classical pathway were
absolutely required for C3a generation in vitro; calcium, nat-
ural antibodies, and Clq were all necessary for Ad to activate
complement in mouse plasma (Fig. 2A and B). However, when
we injected mice i.v. with Ad vectors, we found that natural
antibodies played no apparent role in C3a production in vivo,
with no detectable difference between results for wild-type and
Rag-1 KO mice (Fig. 2C). In contrast, the classical pathway
played a key role in vivo, because complement activation was
significantly lower in C1q KO mice than in either wild-type or
Ragl KO mice (Fig. 2C). These results highlight the fact that
the initial signals for classical pathway activation are different
in vitro and in vivo. Natural antibodies are needed for com-
plement activation in vitro, but not in vivo (Fig. 2B and C).
Although antibody is the best-known initiator of the classical
pathway, there are also numerous other nonantibody initiators
(15). Our results demonstrate that antibody-independent clas-
sical pathway activation is one of the major mechanisms for
complement activation by Ad in vivo.

Although Ad caused less complement activation in Cl1q KO
mice, it is important to note that Ad was still able to activate
complement in Clq KO mice to a level that was significantly
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FIG. 2. Ad activates the classical pathway both in vitro and in vivo.
Complement activation is antibody dependent in vitro but not in vivo.
(A) Complement activation in vitro requires calcium. Mouse plasma
(four samples per group) was mixed with buffer or Ad vector (5.0 X
10'° vp/ml) in the presence or absence of EGTA to chelate calcium.
After a 90-min incubation at 37°C, C3a levels were measured. An
independent experiment yielded similar results. *, P value of =0.05
versus all other groups (Holm-Sidak post hoc). (B) Complement acti-
vation in vitro is absolutely dependent on natural antibodies and Clq.
Ad was incubated with wild-type mouse plasma, Clq-deficient plasma,
or antibody-deficient plasma (Rag-1 KO), with four plasma samples
per group. C3a was measured after a 90-min incubation as before. An
independent experiment yielded similar results. *, P value of =0.05
versus all other groups (Holm-Sidak post hoc). (C) Complement ac-
tivation in vivo depends in part on Clq, but antibody is not required.
Mice (four per group) were injected i.v. with buffer or 1.0 X 10'* vp/kg
of Ad vector. Plasma was collected 30 min later for C3a ELISA.
Similar results were found in an independent experiment. *, P value of
=0.05 (Holm-Sidak post hoc); n.s., not significant.

above the baseline (Fig. 2C). Thus, both classical (C1q-depen-
dent) and nonclassical (Clg-independent) pathways are in-
volved in the activation of complement by Ad in vivo. Again,
this result contrasts with that from the in vitro system, where
complement activation is not seen if the classical pathway is
absent.

In vitro studies using plasma from Ad-immune humans have
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FIG. 3. Immunizing against Ad augments complement activation in
vitro, but not in vivo. (A) Mice were immunized intramuscularly with
1.0 X 10'° vp of the Ad vector. Two weeks later, the titers of Ad-
specific IgM and IgG were assayed by ELISA. Anti-Ad antibody levels
were measured for four naive mice (open bars) and four immunized
mice (black bars). In naive mice, Ad-specific IgG was below the limit
of detection (titer of <6). (B) Plasma from naive or immunized mice
was mixed with Ad vector, and the level of C3a was measured after 90
min as before. Results for each group are the means from four indi-
vidual plasma samples. Results for each group were significantly dif-
ferent from those for every other group, with a P value of =0.05
(Holm-Sidak post hoc). An independent experiment yielded similar
results. (C) Naive or immunized mice (four mice per group) were
injected i.v. with 1.0 X 10'? vp/kg of the Ad vector, and plasma was
collected at 30 min for a C3a ELISA. *, P value of =0.05 versus
uninjected mice (Holm-Sidak post hoc); n.s., not significant.

shown that Ad-specific antibodies are able to enhance comple-
ment activation by Ad (9, 67). To further explore the role of
antibodies, we immunized mice by intramuscular injection with
Ad. This led to an increase in anti-Ad IgG titers from unde-
tectable levels in naive mice to a titer of 16,384 in immunized
mice (Fig. 3A). Naive mice have natural IgM antibodies that
can recognize Ad (66), and we found that immunization caused
only a modest rise in the amount of IgM that could bind to Ad,
from a titer of 256 for naive mice to 1,024 for immunized mice
(Fig. 3A). As expected, Ad was able to induce significantly
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FIG. 4. Activation of complement by Ad is partially dependent on
the RES. Mice were injected i.v. with either PBS (control) or clodro-
nate liposomes (RES depleted). One day later, mice (four to seven per
group) were injected i.v. with buffer or 1.0 X 10'? vp/kg of Ad vector.
Plasma was collected at 30 min for C3a ELISA. Results for all groups
were significantly different from those of every other group (P = 0.05,
Holm-Sidak post hoc test). In control mice, Ad increased C3a levels to
649 ng/ml above the baseline. In RES-depleted mice, the correspond-
ing difference between results for buffer and Ad was only 232 ng/ml.

more C3a when Ad was incubated with plasma from immu-
nized mice than from naive mice (Fig. 3B). This result confirms
the important role of antibodies in vitro, whether the antibod-
ies are natural or induced. However, when immunized mice
were injected i.v. with Ad, complement activation was not
significantly different than that measured for naive mice (Fig.
3C). Thus, we were unable to detect any essential role for
antibodies in vivo, even in Ad-immune mice.

Role of the RES and viral entry. Particulate materials are
rapidly cleared from the circulation by a collection of mono-
nuclear phagocytes known as the reticuloendothelial system
(RES). The RES cells that clear Ad from the circulation con-
sist of KCs in the liver and macrophages in the spleen (68). We
have previously shown that i.v. injection of Ad rapidly kills KCs
at doses of =1.0 X 10" vp/kg, but not at a dose of 1.0 X 10'°
vp/kg (39). Interestingly, the complement response to Ad has
the same dose threshold, 1.0 X 10'" vp/kg (Fig. 1B). To test
whether the RES contributes to the induction of complement
by Ad, we preinjected mice i.v. with clodronate liposomes to
deplete RES macrophages. We found, unexpectedly, that RES
depletion itself caused a significant increase in C3a levels (Fig.
4). In spite of this shift in the baseline, we were still able to
detect a modest but statistically significant decrease in the
ability of Ad to induce complement activation in RES-depleted
mice compared to Ad-injected control mice (Fig. 4). Thus, the
RES may contribute to the ability of Ad to activate comple-
ment in vivo. However, the RES is not absolutely required,
because injecting Ad into RES-depleted mice still caused a
statistically significant increase in C3a production (Fig. 4). We
also examined the complement response in splenectomized
mice, but we found that splenectomized mice mounted a ro-
bust C3a response to Ad that was not significantly different
than that in control mice (data not shown). In summary, it
appears that the RES modestly influences the complement
response to Ad, but other factors also play a role.

We have previously used the entry-deficient mutant virus #s1
to differentiate between the effects of the capsid and the effects
of viral entry (59). The fs1 mutant contains a mutation in the
Ad protease, and when the fs1 mutant is grown at the nonper-
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FIG. 5. Entry-deficient mutant virus s1 induces normal activation
of complement in vitro but is unable to activate complement in vivo.
(A) Mouse plasma was incubated in vitro with buffer, the #s1 mutant,
or Ad2. Levels of C3a were measured after 90 min. An independent
experiment produced similar results. *, P value of <0.05 versus buffer
(Holm-Sidak post hoc). (B) C57BL/6 mice (four per group) were
injected i.v. with viruses at a dose of 1.0 X 10'? vp/kg, and plasma was
collected 30 min later for C3a ELISA. *, P value of =0.05 versus all
other groups (Holm-Sidak post hoc); n.s., not significant.

missive temperature of 39°C, the resulting virions are perma-
nently arrested in an immature state (16). The #s1 mutant is
able to complete the initial steps of cellular binding and endo-
cytosis, but #s1 virion disassembly is abnormal (17). #s1 virions
are unable to release the membrane-lytic protein VI; there-
fore, ts1 virions are unable to escape from endosomes (64). We
have shown that KCs in the mouse liver accumulate the #s1
mutant to the same extent that they accumulate wild-type Ad;
nevertheless, the #s1 mutant is unable to kill KCs (59). Since
the #s1 mutant is derived from Ad2, we used wild-type Ad2 as
a control in all experiments with the zs1 mutant.

There are no known structural differences between the ex-
ternal surfaces of 51 and Ad2 capsids; therefore, we predicted
that the #s1 mutant would be able to activate complement
normally in vitro. Indeed, Ad2 and the fs1 mutant caused
similar elevations of C3a when they were mixed with mouse
plasma in vitro (Fig. 5A). Remarkably, however, the zs1 mutant
was unable to activate complement when injected into mice
(Fig. 5B). This finding demonstrates that although the Ad
capsid is sufficient on its own to activate complement in vitro,
direct complement activation by the capsid is of negligible
importance in vivo. Rather, complement activation in vivo
depends on the ability of Ad virions to traffic normally within
cells.

Certain modifications to the Ad5 fiber shaft are known to
reduce the efficiency of viral transduction and cause partial
defects in intracellular trafficking (35, 60). To obtain further
evidence for the importance of virion trafficking in activating
complement, we tested two of these fiber-modified vectors for
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FIG. 6. Poor complement induction in vivo by fiber-altered AdS
vectors with known defects in cell transduction ability. S* contains a
four-residue substitution in the third beta-repeat of the fiber shaft. In
35S5H, the AdS fiber shaft has been replaced with the shorter Ad35
fiber shaft. The control AdS vector was AvinBg. Mice (four per group)
were injected with Ad vector at doses of 1.0 X 10" or 1.0 X 10" vp/kg,
and plasma was collected at 30 min for C3a ELISA. *, P value of =0.05
versus buffer-injected mice; #, P value of =0.05 versus the same dose
of the Ad5 control vector (Holm-Sidak post hoc).

their ability to activate complement in mice. S* is an Ad5
vector that has been altered only in four residues of the fiber
shaft (60), and this alteration has a negative impact on both
intracellular trafficking and liver transduction (35, 60). 35S5H
is an Ad5 vector where the type 5 fiber shaft has been replaced
with the much shorter Ad35 fiber shaft, leaving the type 5 fiber
head in place (60). 35S5H is impaired in transduction both in
vitro and in vivo (60). We have shown that following an i.v.
injection, these mutant vectors are accumulated by KCs in
amounts that are indistinguishable from the amount of the
control AdS vector within KCs (59). However, S* and 35S5H
are much less cytotoxic than the control Ad5 vector, causing
significantly less KC death at a dose of 1.0 X 10'? vp/kg and no
detectable KC death at a dose of 1.0 X 10'" vp/kg (59). When
we examined C3a levels after an i.v. injection of S* and 35S5H,
we found that both of these mutant vectors induced signifi-
cantly less complement activation than did the control Ad
vector, regardless of dose (Fig. 6). C3a levels at the dose of
1.0 X 10" vp/kg of S* and 35S5H appeared to be moderately
elevated above the baseline, although these levels did not
reach statistical significance (Fig. 6). Thus, fiber-modified Ad5
vectors with deficiencies in transduction and KC killing have
greatly reduced abilities to activate complement in vivo.

Complement generation in mice after a very high Ad dose.
Although the dose response experiment in Fig. 1B showed
robust complement activation after i.v. Ad doses of 1.0 X 10
and 1.0 X 10" vp/kg, complement activation was even greater
after a dose of 1.0 X 10"3 vp/kg (Fig. 1B). This result suggested
the possibility that additional mechanisms might come into
play following i.v. injection of very high Ad doses. We there-
fore injected mice at a dose of 1.0 X 10" vp/kg and examined
whether complement activation still remained dependent on
viral trafficking. We also examined the relative contributions of
classical and nonclassical pathways.

We found that the #s1 mutant did not activate complement at
any dose (Fig. 7A). This result confirms the idea that direct
capsid-mediated activation of complement does not measur-
ably contribute to plasma C3a levels in vivo, in spite of the fact
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FIG. 7. A very high dose of Ad induces complement through the
same mechanisms as a lower dose. (A) The £s1 mutant was unable to
induce C3a in vivo at any dose, indicating that direct activation of
complement by Ad capsids is a relatively unimportant mechanism in
vivo. Results are for three to five C57BL/6 mice per group at 30 min
postinjection. Nonsignificant P value of >0.05 (ANOVA). (B) Injec-
tion of C1q KO mice (four or five per group) i.v. with an Ad5 vector
led to dose-dependent complement activation, indicating a significant
contribution of nonclassical pathways. Plasma was collected 30 min
after injection. *, P value of <0.05 (Holm-Sidak post hoc).

that this is such an important mechanism for in vitro comple-
ment activation (Fig. 5A). It also demonstrates that comple-
ment activation in vivo is critically dependent on the ability of
Ad to traffic normally within cells.

When we examined complement activation in C1q KO mice
that lack the classical pathway, we found that Ad5 vector at a
dose of 1.0 X 10" vp/kg induced even more complement
activation than a dose of 1.0 X 10'? vp/kg, indicating a major
dose-dependent role for nonclassical complement activation
pathways (Fig. 7B).

PEGylation of Ad blocks complement activation. Conjugat-
ing proteins with PEG or other inert polymers is a widely used
strategy to decrease protein-protein interaction, and PEGylation
of Ad has been shown to reduce the ability of antibodies to
bind Ad (12). Thus, given our finding that natural antibodies
play a vital role in complement activation in vitro (Fig. 2B),
we expected that PEGylated Ad would be a poor comple-
ment activator in vitro. However, we were unsure whether
PEGgylation would have any protective effect in vivo, where com-
plement is activated through quite different mechanisms. In
mouse studies, it has been shown that coating Ad with PEG or
other polymers has beneficial effects in decreasing innate tox-
icity and increasing the ability of Ad to persist in the circulation
(11, 18, 23, 40).

We PEGylated Ad and verified that it remained able to
transduce the liver (Fig. 8A), in agreement with previous re-

0102 ‘v Yyore uo Areiqii saouaiosolg a4 re 610 wseInl woly papeojumoq


http://jvi.asm.org

5654 TIAN ET AL.

A 12000

10000 -
£
[
S 8000 -
S
o
D 6000 A
£
o 4000 A
=
('3
2000 ~
0
PEGylated unPEGylated
Ad vector Ad vector
B 7000
6000 -
_ 5000
E
= 4000
=
g 3000 n.s.
O 2000 ~ T
1000
0
buffer PEGylated unPEGylated
Ad vector
C 100
1400
1200
E 1000
=y J
£ 800 -
§ 600 n.s.
400 T
200 +
0

buffer PEGyIated unPEGylated
Ad vector

FIG. 8. PEGylating Ad reduces complement activation in vivo
while leaving liver transduction intact. (A) PEGylated Ad remained
able to transduce the liver. Mice (four per group) were injected i.v.
with 1.0 X 10'? vp/kg of an unPEGylated or PEGylated luciferase-
expressing vector. After 48 h, luciferase activity was measured in liver
homogenates. Nonsignificant P value of >0.05 (¢ test). No luciferase
activity was detected in uninjected control mice (not shown).
(B) PEGylation blocked the ability of Ad to activate complement in vitro.
Mouse plasma (three samples per group) was mixed with Ad, and after
90 min, the level of C3a was measured as before. An independent
experiment yielded similar results. %, P value of =<0.05 versus all other
groups (Holm-Sidak post hoc); n.s., not significant. (C) PEGylation
blocked the ability of Ad to activate complement in vivo. Mice (four to
seven per group) were injected i.v. with 1.0 X 10'* vp/kg, and plasma
was collected at 30 min for C3a measurement. An independent exper-
iment yielded similar results. *, P value of =0.05 versus all other
groups (Holm-Sidak post hoc); n.s., not significant.

sults (40). When we measured C3a generation, we found that
PEGylation blocked the ability of Ad to activate complement
in vitro, as predicted (Fig. 8B). More interestingly, PEGylated
Ad did not detectably activate complement in vivo (Fig. 8C).
Thus, even though Ad activates complement through markedly
different mechanisms in vitro and in vivo, PEGylation had a
beneficial effect in attenuating complement activation in both
situations.

J. VIROL.

DISCUSSION

Although previous studies have shown an important func-
tional role for complement in the innate response to Ad, until
now it has been unclear whether complement activation by Ad
can be quantitated in vivo or how Ad activates the complement
system. The complement system has an innate ability to rec-
ognize many microbes directly, and Ad is no exception. Our
most surprising finding was that this type of direct recognition
of virions is not a major mechanism for complement activation
by Ad in vivo. In vivo experiments with the #s1 mutant showed
that the complement system primarily senses the effects of Ad
on cells rather than detecting the virions themselves (Fig. 9).

Limitations of modeling complement activation in vitro. At
first glance, mixing Ad with mouse plasma in vitro would seem
to be a suitable model for i.v. injection of Ad. Both in vitro and
in vivo, Ad immediately comes into direct contact with com-
plement and other plasma proteins. It has been assumed that
Ad virions interact with these plasma proteins in vivo in much
the same manner that they do in vitro. However, our results
show that this is not the case.

There are likely to be a number of contributing factors that
explain why mixing Ad with plasma is not a realistic in vitro
model system. First, in the in vitro system, Ad is kept in contact
with plasma proteins for a lengthy time, but after an i.v. injec-
tion, Ad is cleared from the circulation within minutes (1, 18),
depriving virions of direct contact with plasma proteins. Sec-
ond, there are no cells in the in vitro system, leading to a lack
of cell-associated complement regulatory proteins, such as
Crry and decay-accelerating factor (32). Finally, Ad causes
rapid cytotoxic damage to cells after an i.v. injection (39, 59),
but this damage is absent from the in vitro system. As ex-
plained in more detail below, dead and dying cells are powerful
complement activators, and we propose that cell damage
caused by Ad vectors is likely to be an important complement
inducer in vivo.

Our in vitro results with mouse plasma are in general agree-
ment with previous studies with human plasma that show that
Ad activates complement through antibodies and the classical
pathway (9, 49, 67), although the role of natural antibodies in
human plasma has not been examined. Some studies indicate
that Ad can cause consumption of alternative pathway com-
ponents in human plasma (29, 49). This might be due to the
fact that the classical pathway, through its activation of C3, can
stimulate the alternative pathway amplification loop (19, 49).
In the current study, we showed that antibodies and the clas-
sical pathway are both required for Ad to initiate complement
activation in vitro, and we found no evidence that Ad initiates
complement activation through other mechanisms in mouse
plasma. Our in vivo studies yielded quite different results,
however, which seriously undermine the relevance of these
types of in vitro experiments.

Complement activation by Ad in vive. In vivo experiments
with the #s1 mutant showed no activation of complement even
though #s1 virions were fully able to activate complement in
vitro. This provided a striking demonstration that the initial
trigger for complement activation in vivo is completely differ-
ent than that in vitro. Because the fs1 mutant is defective at
trafficking inside cells, we conclude that complement activation
in vivo is triggered primarily through interaction of Ad with
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FIG. 9. Proposed mechanisms for Ad-induced complement activation. In vitro, the initial step is binding of antibody to Ad. These antibodies
can be either natural antibodies that have a native ability to recognize the viral capsid or specific anti-Ad antibodies from immunized mice. Clq
is then able to bind to the antibodies and activate the classical pathway. In vivo, however, this mechanism makes a negligible contribution to C3a
levels. Instead, Ad damages cells during entry, thereby exposing complement-activating danger signals. These danger signals may include disrupted
cellular membranes and exposed chromatin that are induced within 10 min after an i.v. Ad injection (39). Disrupted cellular membranes and
chromatin are well-established danger signals that have been shown to activate complement (22, 28, 47, 48).

cells and not through any ability of the virions themselves to
activate complement. Although it is entirely plausible that
there may be a minor amount of direct complement activation
by Ad virions in vivo, results with the #s1 mutant show that this
mechanism does not make any measureable contribution to
plasma C3a levels.

Complement is known to be activated by both exogenous
microbial stimuli and endogenous (self- or altered self-) stim-
uli. One likely initiation signal for complement after i.v. injec-
tion of Ad is cellular damage, which is a potent complement
activator (14). Damaged, dying, and dead cells are well-estab-
lished endogenous “danger” signals that activate both the com-
plement system and other types of innate responses (27, 33,
34). Complement can be activated by both apoptotic and ne-
crotic cells, but it is generally observed that necrotic cells
activate complement more effectively (14).

Our previous studies of the liver found that i.v. Ad causes
necrosis of KCs within 10 min, with KCs becoming permeable
to propidium iodide and trypan blue at Ad doses as low as
1.0 x 10" vp/kg (39, 59). Likewise, i.v. Ad at the same doses
causes a rapid increase in serum levels of the cytoplasmic
enzyme lactate dehydrogenase, confirming that Ad disrupts
cellular plasma membrane integrity in vivo (39). The mecha-
nism for rapid Ad-induced cell damage is unknown, but we
recently reported that the fs1 mutant is unable to kill KCs in
vivo, indicating that cell damage is dependent on virion traf-
ficking (59). We speculate that the #s1 mutant may be unable to
kill cells because of its inability to release the membrane-lytic
Ad protein VI (64). Our finding in the current study that the
ts1 mutant does not detectably activate complement in vivo
supports the hypothesis that Ad-induced cell damage is re-
sponsible for activating the complement system. Likewise, fi-
ber-modified Ad vectors, such as S* and 35S5H, have a re-
duced ability to kill KCs (59), which correlates with the
significant attenuation of complement activation reported in
the current study. Although our major focus in past studies has

been on the RES, it is important to emphasize our finding in
the current study that Ad remains able to activate complement
in RES-depleted mice, albeit to a reduced extent. This finding
indicates that Ad may act on both RES and non-RES cell types
to induce complement activation.

Regarding pathways, it has been shown that damaged cells
can stimulate all three of the complement pathways: the clas-
sical (14, 22, 44, 48, 51), lectin (28, 43), and alternative (65)
pathways. Consistent with this observation, our in vivo studies
found that both classical and nonclassical pathways participate
in activation of complement by Ad. Further work will be
needed to determine whether Ad-induced nonclassical activa-
tion is due to the lectin or alternative pathway or both of these.
A recent study from Appledorn et al. (3) also provides evi-
dence for the involvement of multiple complement activation
pathways in the innate response to Ad. C3 KO mice that are
deficient in all three complement pathways have reduced
cytokine responses to Ad, but deficiencies in individual
complement pathways have little effect on Ad induction of
cytokines (3).

Numerous studies have shown that the complement system
is attuned to endogenous danger signals that become exposed
during cell damage or death. For example, two lipids that are
normally present mainly in the inner leaflet of the plasma
membrane, phosphatidylserine and phosphatidylethanolamine,
become exposed on the outer leaflet of the plasma membranes
of dying and dead cells. Phosphatidylserine is recognized di-
rectly by Clq (47), which can then activate the classical path-
way. Phosphatidylethanolamine is recognized by serum amy-
loid protein (SAP) (13), and SAP can in turn bind Clq and
activate the classical pathway. It seems likely that these inner
leaflet phospholipids are exposed in vivo after Ad injection,
because we have shown that Ad disrupts the plasma membrane
of KCs (39). Similarly, cellular DNA is another danger signal
that becomes exposed during both apoptosis and necrosis (26)
and activates complement (22, 28, 48). We have noted that
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Ad-induced KC death is associated with the rapid disruption
and degradation of chromatin (39). It is not yet clear which of
these danger signals might be most important for complement
activation in vivo, but it would not be surprising to find that
Ad-induced cellular damage results in the exposure of multiple
danger signals that activate complement through multiple
routes.

Overall, a number of key findings in the current study and in
our previous work point to the likelihood that Ad-induced cell
damage and cell death are important signals for the activation
of complement. (i) Ad has been shown to cause cell damage in
vivo at the same vector doses and with the same kinetics with
which complement was activated in the current study (39, 59).
(i) Damaged, dying, and dead cells are known to present
danger signals that are powerful activators of multiple comple-
ment pathways (14). We have shown that certain of these
danger signals (disrupted cellular membranes, exposed chro-
matin) are rapidly induced after the i.v. injection of Ad (39).
(iii) Ad-induced cell death is particularly noticeable in the RES
(39), and depletion of the RES in the current study partially
reduced the complement response to Ad. (iv) Ad viruses or
vectors that are unable to kill cells or have reduced cell killing
ability (59) were found in the current study to be poor com-
plement activators in vivo.

Prospects for attenuating the Ad-induced complement re-
sponse. Our results illustrate two potential approaches to de-
crease the complement response to Ad vectors: mutating the
vector and PEGylating the vector. We found that changing the
fiber shaft greatly reduced the complement response. Unfor-
tunately, however, these changes also make these vectors much
less efficient at transducing cells (35, 60). Because our experi-
ments with the #s1 mutant showed that trafficking of virions
within cells is essential for complement activation in vivo, it
seems likely that the impaired transduction abilities of S* and
35S5H contribute to their reduced ability to activate comple-
ment. It will be interesting to explore whether other types of
mutations might yield Ad vectors that induce complement
poorly in vivo while still retaining their ability to transduce
cells.

We also found that PEGylation was an effective method to
decrease the complement response. Because PEG protects Ad
from antibodies (11, 12), it is not surprising that PEGylation
attenuated complement activation by Ad in vitro. Encourag-
ingly, our in vivo experiments also found a decreased comple-
ment response to PEGylated Ad. PEGylation by the methods
used here does not negatively impact the ability of Ad to
transduce the liver, although it is important to point out that
PEGylation may not be a good approach if the goal is to
transduce other organs. For example, PEGylation detargets
Ad from the peritoneum (24). It will require extensive further
investigation to determine exactly how PEGylation attenuates
the complement response in vivo. One possibility is that
PEGylation might detarget certain cell types that are involved in
the complement response while leaving hepatocyte transduc-
tion intact. In this regard, it has already been shown that
PEGylation reduces the accumulation of Ad in KCs (40).

C3a as a marker of the innate response. Our study indicates
that the plasma level of C3a is an unusually sensitive measure
of the early innate response to Ad. Although we examined only
systemic administration of Ad, it will also be interesting to
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explore whether C3a levels rise after local administration of
Ad vectors to tumors or other tissues. In addition, ELISAs are
available for human C3a, and it should be possible to evaluate
whether complement is activated in patients after the admin-
istration of Ad vectors. It remains to be determined whether
C3a itself has any important biological role in the innate re-
sponse to Ad or whether it is best viewed as just a marker of
complement activation. C3a is a potent chemotactic factor and
leukocyte activator in vitro (25), but its function in vivo is more
complicated and includes both proinflammatory and protective
effects (31).

In conclusion, Ad capsids are recognized by natural antibod-
ies and stimulate the classical pathway in vitro, but this mech-
anism is of limited importance when Ad is injected i.v. in mice.
Instead, Ad induces cellular signals that alert the complement
system to danger. A deeper understanding of the signals and
pathways involved in the activation of complement will suggest
strategies to help Ad vectors escape the attention of the innate
immune system. More broadly, it is worth considering the
concept that in some cases, microbial-induced pathology may
be a much more important driver of complement activation
than the microbe itself.
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